Abstract Previously, we have pioneered Drosophila melanogaster as a reductionist model to show that 1-octen-3-ol, a musty-smelling volatile compound emitted by fungi and other organisms, causes loss of dopaminergic neurons and Parkinson's disease-like symptoms in flies. Using our in vivo Drosophila system, the modulatory roles of important signaling pathways-JNK, Akt and the caspase-3-dependent apoptotic pathway were investigated in the context of 1-octen-3-ol-induced dopamine neurotoxicity. When heterozygous flies carrying mutant alleles for these proteins were exposed to 0.5 ppm of 1-octen-3-ol, they had shorter survival times than wild-type Drosophila. The overexpressed levels of wild-type JNK and Akt, (UAS-bsk and UAS-Akt) with TH-GAL4 and elav-GAL4 drivers improved the survival duration of exposed flies compared with controls. Thus, we found that Akt and JNK both protect against loss of dopamine activity associated with 1-octen-3-ol exposure, indicating the pro-survival role of these signaling pathways. Further, 1-octen-3-ol exposure was associated with activation of caspase 3, a hallmark for apoptosis.
Introduction
Parkinson's disease (PD) is a progressive neurodegenerative disease characterized by loss of dopaminergic neurons and concomitant clinical features that include resting tremor, postural instability and rigidity, and cognitive problems. It is the second most common chronic neurodegenerative disease (Ebadi and Pfeifer 2005) . Approximately 5-10 % of PD has a genetic etiology, but most cases are sporadic and of unknown cause. Nevertheless, there is considerable evidence that exposure to a variety of environmental agents may contribute to death of dopaminergic neurons in PD (Shaw and Höglinger 2008; Cicchetti et al. 2009 ). The list of the possible environmental toxins such as paraquat, rotenone, and MPTP as risk factors for neurodegenerative diseases is increasing (Tanner 1989; McCormack et al. 2002; Di Monte 2003; Salama and Arias-Carrión 2011) .
Gene-environment interactions have been known to modify the susceptibility of organisms to environmental toxins in various mammalian and non-mammalian studies. Non-mammalian models, especially Drosophila PD models, are useful for understanding the consequences of genetic variation in the signal transduction pathways associated with disease processes and to identify the genes which confer sensitivity or resistance to particular environmental agents (Chaudhuri et al. 2007; Lu and Vogel 2009; Inamdar et al. 2012a) . Drosophila also serves as a powerful model for understanding pathogenic mechanisms as well as for drug discovery for PD and other chronic neurodegenerative diseases (Bilen and Bonini 2005; Nichols 2006 ).
We previously reported that exposure to fungal VOCs causes neurotoxicity in a Drosophila model (Inamdar et al. 2010) . In particular, low concentrations of the vapor form of ''mushroom alcohol'' (1-octen-3-ol) selectively affects dopaminergic neurons in adult Drosophila brain and induces Parkinson's like behavioral alteration in adult flies (Inamdar et al. 2010) .
In this report, we have further exploited the genetic versatility of Drosophila as an in vivo genetic model to identify the possible signaling pathways implemented in 1-octen-3-ol-induced dopamine neurotoxicity. The pathogenesis of PD and associated cognitive dysfunction involve many complex molecular mechanisms, and several signaling pathways associated with inflammation and apoptosis are known to be altered during the various stages of PD (Zhang et al. 2011; Xu et al. 2012; Pan et al. 2013) . We focused on two basic signaling pathways reported to play roles in neuronal apoptosis and survival. The first signaling pathway we targeted was the c-Jun N terminal kinases (JNK), which belongs to the mitogen-activated protein kinase family. Activation of the JNK pathway is critical for apoptosis in normal development and has been implicated with neuronal death in PD. Specifically, when PD is induced in mammalian models using MPTP and paraquat, activation of JNK via phosphorylation of c-Jun, is associated with apoptosis of dopaminergic neurons (Peng et al. 2004; Borsello and Forloni 2007; Klintworth et al. 2007 ). Furthermore, other signaling pathways such as PI3K and caspase 3 also are associated with dopaminergic neuron death and pharmacological agents which are able to attenuate caspase 3 levels provide neuroprotection in PD models . Caspase-3 functions as an effector agent for apoptosis to cause neuronal death during several acute and neurodegenerative disorders including PD in human patients ). The second signaling pathway we targeted was Akt, a serine-threonine protein kinase. Akt, also known as protein kinase B, was originally identified as an oncogene. Activated AKT is involved in the regulation of cell survival and growth (Kockel et al. 2010) .
Drosophila JNK is a homolog of mammalian JNK and is encoded by the gene basket on the left arm of the second chromosome (Nüsslein-Volhard et al. 1984) . The Drosophila JNK pathway includes downstream signaling components homologous to mammalian counterparts and plays important roles in morphogenesis and mobility, wound healing, and both immune and stress responses in flies (Glise et al. 1995; Stronach and Perrimon 2002) . Drosophila also has evolutionarily conserved mechanisms for programmed cell death and possesses homologs for several caspases (Kumar and Doumanis 2000; Vernooy et al. 2000) . Similarly, the Drosophila genome contains a single Akt1 gene encoding a protein that is 76.5 % similar to the mammalian Akt protein (Franke et al. 1994) . All known components of the mammalian Akt signaling pathway are implicated in the Drosophila Akt signaling pathway and function as anti-apoptotic genes (Scanga et al. 2000) . Several studies have suggested that inactivation of Akt results in apoptotic death of DA neurons (Yang et al. 2005; Timmons et al. 2009 ).
We first tested heterozygous loss-of-function mutant strains for basket and Akt1 against 0.5 ppm 1-octen-3-ol. The heterozygous loss-of-function mutants for bsk and Akt1 exhibit extreme sensitivity to 1-octen-3-ol. This sensitivity was reversed upon overexpression of JNK and Akt in dopaminergic neurons indicating their pro-survival function in 1-octen-3-ol-induced DA toxicity. We further measured the protein levels of JNK and Akt in head extracts and found differential effects on these signaling pathways. Upon exposure to 0.5 ppm 1-octen-3-ol, Akt, JNK and phospho-Akt levels were decreased while phospho-JNK was elevated in head extracts. Moreover, caspase-3 assay showed increased levels in 1-octen-3-ol-exposed head extracts indicating the recapitulation of mechanisms involved with pathogenesis of PD in our model upon exposure of 1-octen-3-ol. Therefore, our Drosophila model provides an exceptionally flexible system in which to screen for the relevant signaling pathways involved in 1-octen-3-ol-and other fungal VOCs-mediated toxicity.
Materials and Methods

Exposure of 1-Octen-3-ol to Flies
The chemical standard for 1-octen-3-ol (98 %) was purchased from Sigma-Aldrich and comes in liquid form. Using undiluted aliquots of the liquid form at 0.5 ppm (volume:volume) adult flies were exposed to 1-octen-3-ol using the method published in Inamdar et al. (2012b) with minor modifications. Briefly, the flies were fed on 2 % agar media supplemented with 5 % sucrose in 250 ml glass flasks with 0.5 ppm of 1-octen-3-ol. The control and experimental flasks were kept on an orbital shaker at 50 rpm for even distribution of the 1-octen-3-ol vapors. experiments were performed at 25°C. All mutants and transgenic strains were obtained from the BSC except for TH-GAL4; UAS-eGFP, and elav-GAL and UAS-eGFP which were obtained from Dr. Janis O 0 Donnell (University of Alabama) and Dr. Venugopal Reddy (Rutgers, The State University of NJ), respectively and were described previously (Inamdar et al. 2010 ).
Drosophila
Confocal Microscopy
The transgenic lines, TH-Gal4; UAS-eGFP; TH-GAL4; UAS-eGFP/UAS-bsk WT and TH-GAL4; UAS-eGFPUASAkt WT were used to assess the number and status of dopaminergic neurons by visualizing GFP-expressing neurons. The brains from age matched controls and 1-octen-3-olexposed flies were dissected and mounted on slides. Each brain was scanned to include 5-8 sections to obtain the final image as an average of all the scanned sections using a Zeiss LSM 710 confocal microscope (Oberkochen, Germany). The quantitative data on the DA neurons was calculated for the average DA neurons for each subgroup by directly visualizing the GFP-expressing neurons from the mounted control and exposed adult brains under the microscope.
Western Blot Analysis
Frozen (-80°C) control and experimental flies that had been exposed to 0.5 ppm of 1-octen-3-ol for 24 h were vortexed to separate the heads from the bodies. The fly heads were homogenized in ice-cold lysis buffer (1 % Triton X-100, 150 mM Nacl, 50 mM Tris, 1 mM EDTA, protease inhibitor (Roche), pH 7.2). The samples were centrifuged at 14,000 rpm for 10 min at 4°C, and the supernatant was quantified for protein concentration using a bicinchonic acid (BCA) assay kit (Pierce, Rockford, IL, USA). 50 lg (for Akt, phospho-Akt, JNK, and phospho-JNK) of protein samples from control and 1-octen-3-olexposed flies were loaded per lane on 4-12 % NuPAGE Novex Bis-Tris Mini Gels (Invitrogen). The separated proteins were blotted to polyvinylidene difluoride membranes (Invitrogen) upon electrophoresis. The membranes were incubated in 7.5 % nonfat milk in TTBS buffer (Tris buffered saline with 0.1 % Tween 20) for 1 h at room temperature to block nonspecific protein binding sites. The membranes were then incubated overnight at 4°C with the following primary antibodies: anti-Akt, anti-JNK, antiphospho-Akt, and anti-phospho-JNK (1:1000) (Cell Signaling: catalog numbers: 4691, 9252, 4054, 9251, respectively). The membranes were incubated with appropriate horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature upon washes with TTBS. Protein bands were detected by SuperSignal West Dura Extended Duration Substrate (Thermo Scientific Pierce) using the Alpha Innotech Fluorochem (San Leandro, CA) imaging system and processed in Adobe Photoshop CS5. The stripping was performed at room temperature with Pierce Stripping Buffer and re-probing with a monoclonal alpha-tubulin antibody was done to confirm equal protein concentrations in each lane.
Caspase Assay
Caspase-3 was determined according to Hossain and Richardson (2011) with some modifications. In brief, after treatment, flies brains (50-100) were homogenized with 0.2 ml Tris buffer (50 mM Tris-HCl, 1 mM EDTA, 10 mM EGTA, and 10 lM digitonin, pH 7.4). Homogenates were then centrifuged at 10,000 rpm for 15 min and supernatants were incubated with 50 mM Ac-DEVD-AMC at 37°C for 60 min. Caspase-3 activity was then determined by measuring the levels of released 7-amino-4-methylcoumarin (AMC) using a Spectramax spectrofluorometer with excitation at 380 nm and emission at 460 nm. The activity was calculated as fluorescence units (FU)/ mg protein/h and expressed as percentage relative to control.
Statistical Analysis
All the graphs were plotted using Prism GraphPad 5 and data were analyzed using one-tail Student's t test or oneway ANOVA (Dunnett's post-test or Bonferroni's correction post-test) wherever appropriate. The details of the analyses are described in the figure legends.
Results
1-Octen-ol Exposure Truncates Survival Span of JNK and Akt Mutants Flies
We recently reported the regulatory role of JNK and Akt signal transduction pathways in dopaminergic neurodegeneration employing our in vivo Drosophila PD model (Inamdar et al. 2012a ). Our earlier data (Inamdar et al. 2010 ) on 1-octen-3-ol-induced dopaminergic neurodegeneration led us to assess the role of JNK and Akt in 1-octen-3-ol-mediated toxicity in the same model system. Flies carrying heterozygous mutant alleles for JNK, bsk1 and bsk2, and for Akt, Akt1 and Akt2 were exposed to 0.5 ppm of 1-octen-3-ol and their survival time was compared with similarly exposed wild-type flies. The average survival spans were about 14 and 12 days for bsk and Akt mutants, respectively; these survival times were significantly lower than the 18-day-long-survival span observed for exposed wild-type flies (Fig. 1) .
Overexpression of Wild-Type JNK and Akt PanNeuronally and in Dopaminergic Neurons Prevents 1-Octen-3-ol-induced Truncation of Survival Duration
The sensitivity of loss-of-function JNK and Akt heterozygous mutants toward 1-octen-3-ol suggests the protective function of wild-type JNK and Akt genes. In order to evaluate the protective function of JNK and Akt, we hypothesized that overexpression of JNK and Akt would reverse the 1-octen-3-ol-mediated toxicity. In order to test this hypothesis, we used the transgenic lines for JNK and Akt, UAS-bsk WT and UAS-Akt WT and overexpressed them pan-neuronally and in dopaminergic neurons using the elav-GAL4 and TH-GAL4 transgenic drivers, respectively. We then exposed these crossed transgenic lines to 0.5 ppm of 1-octen-3-ol and compared the survival rates with control flies. The overexpression of JNK and Akt pan-neuronally and in dopaminergic neurons lead to an increase in survival duration by about 5 and 7 days, respectively (Fig. 2) . Fig. 1 Exposure of 1-octen-3-ol to JNK and Akt mutants causes truncation of life span. Flies carrying two heterozygous alleles of JNK and Akt: bsk1, bsk2; and Akt1, Akt2 were exposed to 0.5 ppm of 1-octen-3-ol, and percentage mortality was calculated until all flies were dead in each group. The average times to obtain 50 % mortality for the respective groups group are 12.4, 13.2, 14.0, 14.9, and 17.9 days for Akt1, Akt2, bsk1, bsk2, and wild-type flies, respectively. Error bars represent the standard error of mean and *represents a significant difference between wild-type flies, and each JNK and Akt mutant strain calculated at a point when 50 % mortality was achieved, where *P \ 0.05 and **P \ 0. The overexpression of wild-type UAS-bsk and UAS-Akt with TH-GAL4 and elav-GAL4 drivers improved the survival duration when compared to control flies. Error bars represent the standard error of mean, and *and # represent a significant difference between wild-type flies, TH-GAL4 and elav-GAL4, and other transgenic JNK and Akt strains as shown in the graph where *P \ 0.05 and ** /## P \ 0.005. (N = 120 for each group and the data were collected from two independent experiments) neurons in these transgenic flies. The transgenic flies: TH-GAL4; UAS-eGFP/UAS-bsk WT , TH-GAL4; UAS-eGFP/ UAS-Akt WT and TH-GAL4; UAS-eGFP were exposed to 0.5 ppm of 1-octen-3-ol for 24 h. The number and morphology of dopaminergic neurons were restored in dissected adult brains of TH-GAL4; UAS-eGFP/UAS-bsk WT , TH-GAL4; and UAS-eGFP/UAS-Akt WT flies when compared with those of TH-GAL4; UAS-eGFP flies suggesting a protective function of JNK and Akt in dopaminergic neurons (Fig. 3) .
1-Octen-3-ol Induces Alteration in Protein Expressions of JNK, Akt, Phospho-JNK, and Phospho-Akt
To assess the effect of 1-octen-3-ol on the protein levels of JNK and Akt in adult brain, we performed Western Blot analysis. The quantification of the ratio of expression of the phosphorylated and the un-phosphorylated form was performed. Interestingly, the head extract from wild-type flies exposed for 24 h to 0.5 ppm of 1-octen-3-ol demonstrated an increase in the ratio p-JNK/JNK levels by 32 % while a decrease in ratio of p-Akt/Akt protein levels by 19 % was observed (Fig. 4a, b, c) .
Exposure to 1-Octen-3-ol Increases Caspase-3 Activity in Drosophila Head Extracts Exposure to 1-octen-3-ol causes a significant decrease in the survival duration. To determine if exposure to 1-octen-3-ol caused activation of an apoptotic pathway, we assessed the activity of caspase-3 in control and 1-octen-3-olexposed head extracts. Upon 24-h exposure to 0.5 ppm of 1-octen-3-ol, there was a 33 % increase in the caspase-3 activity (Fig. 5) .
Discussion
Epidemiological studies on the impact of damp indoor environments on human health have found that exposure to molds and their metabolites may be correlated with a variety of neurological and neuropsychological symptoms , and TH-GAL4; UAS-eGFP/UAS-bsk WT adult brains (n = 7-10). Error bars represent the standard error of mean where *represents a significant difference between TH-GAL4; UAS-eGFP, and TH-GAL4; UAS-eGFP/UAS-Akt WT while # represents a significant difference between TH-GAL4; UAS-eGFP, and TH-GAL4; UASeGFP/UAS-bsk WT -exposed brains where * /# P \ 0.05, **P \ 0.005 Neurotox Res (2014) 25:183-191 187 (Kilburn 2003 (Kilburn , 2004 Empting 2009 ). The neurological symptoms include headache, difficulties with concentration, movement disorders, delirium, dementia, and disorders of balance and coordination. Data from other epidemiological studies have led to the hypothesis that fungal volatile organic compounds may be responsible for some of the pathological impact of exposure to moldcontaminated indoor environments (Mølhave 2009 ). In the context of these concerns about the health impact of molds and their metabolites, we have pioneered the use of Drosophila melanogaster as an in vivo and in vitro model for studying the possible neurotoxicity of fungal VOCs (Inamdar et al. 2010; Inamdar et al. 2012b ). Fungi produce numerous, low molecular weight volatile compounds, one of the most abundant of which is 1-octen-3-ol or ''mushroom alcohol'' which is responsible for much of the distinctive odor of mushrooms (Combet et al. 2006) . It is produced as a break down product of linoleic acid by fungi and other organisms (Wurzenberger and Grosch 1984) ; is used commercially in food technology as a flavoring agent and as an ingredient of many perfumes (Fraatz and Zorn 2010; Bennett et al. 2012) ; and functions as a semiochemical in attracting insects (Luntz 2003; Hooper and Pickett 2004) . In addition, our earlier studies have shown that low concentrations (1-3 ppm) of 1-octen-3-ol and certain other eight carbon hydrocarbons function as neurotoxicants in Drosophila melanogaster and cause Parkinsonian-like symptoms and selective loss of dopaminergic neurons (Inamdar et al. 2010) .
In this report, we used genetic and expression studies to better understand the role of JNK and Akt signal transduction pathways in 1-octen-3-ol-induced dopaminergic neurodegeneration. Mammalian PD models have identified the pro-apoptotic function of JNK. In some studies, activation of JNK via phosphorylation of c-Jun is associated with apoptosis of dopaminergic neurons, while in other cases, the presence of neurotoxins causes an increase in superoxide and related reactive oxygen species, subsequently activating JNK, and thereby triggering up-regulation of caspase-3 and contributing to the apoptotic response Fig. 4 Exposure to 1-octen-3-ol causes alteration in phosphorylation activity levels of Akt and JNK. The western blots of head extracts of adult flies exposed to 0.5 ppm of 1-octen-3-ol for 24 h show a decrease in p-Akt and Akt protein expression levels (a), and an increase in p-JNK, but a decrease in JNK protein levels (b). c The quantification of ratio of p-Akt/Akt and p-JNK/JNK for unexposed (control) and exposed flies shows a significant decrease in protein levels for phospho-Akt and an increase in phospho-JNK. Data were calculated as relative pixel density from three independent samples. Error bars represent the standard error of mean, and *represents a significant difference between control and 1-octen-3-ol-exposed brains where *P \ 0.05 Exposure to 1-octen-3-ol increases caspase-3 activity. 1-octen-3-ol exposure for 24 h led to a 33 % increase in caspase 3 activity in head extracts. Error bars represent the standard error of mean, and *represents a significant difference between control and 1-octen-3-olexposed groups, where *P \ 0.05. (N = 200 flies for each group and data collected from two independent assays) (Peng et al. 2004; Borsello and Forloni 2007) . Pharmacological and genetic inhibition of JNK signaling pathways alleviate Parkinson's symptoms in experimental models and improve survival of the dopaminergic neurons (Wang et al. 2003; Jimenez-Del-Rio et al. 2008) . Moreover, Cha et al. (2005) detected the up-regulation of JNK in loss-offunction of parkin mutants.
The Drosophila JNK signaling pathway has been well studied, and is evolutionarily conserved (Davis 2000; Chang and Karin 2001) . Drosophila JNK plays crucial roles in morphogenesis and mobility, immune response, wound healing, and stress response in flies. In Drosophila, the functional roles of JNK have been studied in the context of neuronal connectivity and in response to oxidative and pathogenic stress. JNK is essential for longevity and combating paraquat-induced oxidative stress in flies (Wang et al. 2003; Inamdar et al. 2012a) .
In this report, we found that JNK serves a specific prosurvival role in Drosophila against 1-octen-3-ol-induced loss of dopaminergic neurons. The loss-of-function heterozygous JNK mutants showed greater sensitivity to 0.5 ppm 1-octen-3-ol. In contrast, the overexpression of wild-type JNK, pan-neuronally or in dopaminergic neurons, was able to extend the survival span and delayed 1-octen-3-ol-mediated loss of dopaminergic neurons. Western blot analysis of head extracts showed the activation of phospho-JNK suggesting the up-regulating of JNK signaling by 1-octen-3-ol. Our earlier studies demonstrated that exposure of 1-octen-3-ol causes an increase in the lipid peroxidation levels in head extracts suggesting that 1-octen-3-ol exposure potentiates induction of reactive oxygen species (Inamdar et al. 2010 ). Furthermore, up-regulation of caspase 3 was detected in the head extracts of 1-octen-3-ol-exposed flies thereby indicating the role of programmed cell death-related pathways in 1-octen-3-ol-mediated neurotoxicity. The activation of caspase 3 is associated with dopamine neurotoxicity in toxic models of PD (Turmel et al. 2001; Ramachandiran et al. 2007) .
Akt is a serine/threonine protein kinase acting as a cellular homolog of the viral oncogene v-Akt. In mammals, there are three known isoforms of the Akt kinase, Akt1, Akt2, and Akt3, each activated by various growth and survival factors. In general, Akt promotes cell survival through various distinct pathways and also has a role in regulating cell growth proliferation, migration, glucose metabolism, transcription, protein synthesis, and angiogenesis (Brazil and Hemmings 2001) . The Drosophila genome contains a single Akt1 gene encoding a protein that is 76.5 % similar to mammalian Akt protein (Franke et al. 1994) . There is compelling evidence supporting dysregulation of the mammalian Akt signaling pathway in genetic and toxin models for PD (Yang et al. 2005; Timmons et al. 2009; Inamdar et al. 2012a) .
In this report, we showed that exposure to 1-octen-3-ol leads to a decrease in phospho-Akt indicating that 1-octen-3-ol exposure is associated with inhibition of the Akt signaling pathway. Furthermore, we showed that transgenic overexpression of Akt pan-neuronally, as well as in dopaminergic neurons, rescued 1-octen-3-ol-mediated loss of dopaminergic neurons. These data support a pro-survival function for Akt in 1-octen-3-ol-mediated neurotoxicity.
Drosophila melanogaster, long a powerful model for genetic analysis, has emerged as a valuable model for the study of Alzheimer's disease, PD, and other neurodevelopment diseases (Rand 2010) . In particular, toxins-induced Drosophila modeling has been shown to successfully recapitulate the pathophysiology of PD and to enhance our understanding of the pathogenic mechanism of PD (Coulom and Birman 2004; Bayersdorfer et al. 2010; Whitworth 2011) . Toxicity can be measured by end points such as survival duration and behavioral aberrations. Using the wealth of available genetic resources, appropriate biochemical assays and GFP-enabled imaging technologies, the fly system can be used to dissect the molecular interactions of associated signaling pathways underlying neurodevelopmental vulnerabilities. We here examined the functional role of JNK and Akt in 1-octen-3-ol-mediated neurotoxicity and show that flies are well adapted for studying the signaling pathways that impact neurotoxicity.
In summary, we have explored the modulatory function of kinase-related signal transduction pathways on 1-octen-3-ol-mediated toxicity in flies. Our study demonstrates that both JNK and Akt signaling pathways play important roles in 1-octen-3-ol-mediated dopaminergic toxicity. JNK and Akt act as pro-survival pathways for dopamine neuronal protection against 1-octen-3-ol. Overall, we found that exposure to 1-octen-3-ol activates the JNK and caspase-3 dependent signaling pathways while inhibiting Akt in Drosophila head extracts. We advocate Drosophila melanogaster as an inexpensive, reliable model system to provide both a screening procedure for assessing numerous chemicals for their neurotoxicity as well as an experimental system that can be used to dissect the impact of neurotoxins on signaling pathways.
